We study the configuration issue of three-stage multigranularity optical cross-connects (MG-OXC) for the dynamic traffic model in all-optical networks. From the single node point of view, we propose a configuration algorithm to configure different granularity crossconnects for arrival sub-requests with different traffic types and bandwidths. The performance of the configuration algorithm is evaluated by simulation and, furthermore, is validated by experiment based on our flexible Multi-functional Optical Switching Testbed (MOST).
Introduction
Optical cross-connects (OXCs) are the key elements to realize transparent switching of optical signals in optical transport networks. However, with the development of dense wavelength division multiplexing (DWDM) technology to satisfy the increasing bandwidth demand, significant challenges appear in terms of switch size, cost and difficulty associated with operating large OXC. Obviously, increasing switching granularity is one possible approach. Multigranularity optical cross-connect (MG-OXC) is proposed to provide a scalable and economic solution to manage a large number of wavelengths at the expense of control complexity and non-blocking operation [1] - [3] , which avoid demultiplexing every fiber into wavelengths as the bypass traffic accounts for 60-80% of the total traffic for a single node in the backbone network. Generally, three-stage MG-OXC consists of fiber cross-connects (FXC), band cross-connects (BXC) and wavelength cross-connects (WXC), the central idea of which is to group several wavelengths into a band and group several bands into a fiber, and all wavelengths in a band or fiber are switched as a single entity namely using one port.
Generalized multi-protocol label switching (GMPLS) is band capable and has been extended to cover multigranularity in the optical domain [4] . At the same time, GMPLS has been developed as the control plane of optical networks to satisfy distributed routing. Multi-region networks under GMPLS framework have been proposed for networks consisting of MG-OXCs in the Internet Engineering Task Force (IETF) [5] and related signaling protocols and link management protocols under GMPLS framework have been addressed in [6] and [7] . For dynamic traffic model, previous studies of MG-OXC mainly concentrated on network research on routing and wavelength (band) assignment (RWA) and limited to simulation [8] - [11] . For examples, authors in [8] proposed dynamic tunnel allocation and capacity-balanced static tunnel allocation algorithms to effectively solve RWA problem based on the proposed MG-OXC model. X. Cao presented heuristic algorithms called maximum interference length in band [9] and maximum overlap ratio [10] solve RWA problem based on reconfigurable MG-OXC architecture. In [11] , a novel heuristic method was addressed to satisfy requests with different granularities (OC-3, OC-12, OC-48, and OC-192) based on hybrid hierarchical architecture consisting of all-optical band switching and OEO traffic grooming. In this paper, for the first time, we consider the internal configuration of cross-connects in MG-OXC for dynamic traffic model in all-optical networks, which is significant and more complicated than that of conventional OXC based on optical switches (see Sect. 2 for more details). We establish a novel bipartite graph with Boolean array model and from the single node point of view, propose a configuration algorithm to find the configuration ports in data plane to satisfy different types of traffic. We evaluate and validate the performance of the configuration algorithm by simulation and the experiment on the Multi-functional Optical Switching Testbed (MOST) [12] .
The paper is organized as follows: a novel model for three-stage MG-OXC is established in Sect. 2. Then the configuration algorithm of three-stage cross-connects is presented in Sect. 3. Following that, the performance of the configuration algorithm is evaluated and validated by simulation analysis and the experiment on the MOST. Finally, the main conclusions of this paper are highlighted.
Model for Three-Stage MG-OXC
For on-line traffic models, we need to determine an appropriate route and the corresponding bandwidth for a request in optical networks comprising of OXC nodes. However, for optical networks based on MG-OXCs, after routing and wavelength assignment (RWA), further configurations of specific cross-connects are needed for FXC, BXC and WXC in each MG-OXC node. If there are hundreds of ports in a MG-OXC, it is challenging to configure internal crossconnects in FXC, BXC and WXC to satisfy the dynamic arriving traffic. Furthermore, it is even more difficult to handle wavelength and band traffic grooming. The similar problem exists in the configuration of three-stage Clos switching networks [13] . On the other hand, processing conventional OXC nodes by switching the single wavelength is simpler. For example, to handle a bypass traffic and a drop traffic, two cross-connects (dashed lines in Fig. 1(a) ) should be setup in an OXC node. However, the configuration will become difficult and complex in a three-stage MG-OXC. Assuming that the two traffic requests come into the same input port 1(shown in Fig. 1(b) ) and λ 3 , λ 4 ∈ B 2 (i.e. λ 3 , λ 4 belong to 2 th band), multiple cross-connects need to be setup in MG-OXC as in Fig. 1(b) . Typically, a three-stage MG-OXC is a cascade architecture, i.e. FXC is connected to BXC, and then to WXC [3] . The MG-OXC node consists of the external input/output ports, local add/drop ports and internal de/multiplexing ports. As in Fig. 1(b) , external input/output ports include 1 and 1', local add/drop ports are 2, 6, 7, 14-17 and 2', 6', 7', 14'-17', and others are internal de/multiplexing ports. External input/output ports are exposed outside of the MG-OXC node, which are applied to the connections with other nodes directly. Local add/drop ports are connected to local receivers/transmitters. On the contrary, internal de/multiplexing ports are not disclosed outside network elements, which are only connected to various level de/multiplexers inside the node. For example, the internal incoming port 3 is connected to the internal outgoing ports 4' and 5' via band-level multiplexer in Fig. 1 .
Description of Requests and Sub-Requests
Notations: To facilitate presentation in the following sections, some notations are provided as follows.
s:
Source node of a request in the network; d:
Destination node of a request in the network; b:
Bandwidth of a request in the network; F:
Number of input fibers in a MG-OXC; W:
Number of wavelengths per fiber in a MG-OXC; B:
Band granularity (i.e. number of wavelengths per band);
Fiber granularity, which is the maximum usable bandwidth; ξ:
Ratio of the total local add/drop traffic to the total traffic;
Granularity of a sub-request,
Input ports of a sub-request in a MG-OXC; R OutP : Output ports of a sub-request in a MG-OXC.
After routing and wavelength (band) assignment, given request (s, d, b) in the network can be divided into a number of sub-requests with specified granularity for each MG-OXC along the routing. In other words, for source node s, it is a local add sub-request; for inter-nodes in the lightpath, it is a bypass or grooming sub-request and for destination node d, it is a local drop sub-request. When we research the configuration problem, (R G , R InP , R OutP ) is used to describe an arrival sub-request from the single node point of view.
MG-OXC Model
To cope with the complicated architecture of three-stage MG-OXC, we develop a novel bipartite graph G (X, Y, E) with Boolean array model for three-stage MG-OXC. {X} is the set of all the incoming ports and {Y} stands for the set of all the outgoing ports where signals go out. {E} is the set of all the edges and each edge is connected by one point in {X} and one point in {Y}. For simplicity, a bipartite graph corresponding Fig. 1(b) is depicted in Fig. 2 , X 1 -X 3 and Y 1 -Y 3 are incoming/outgoing ports in FXC, X 4 -X 9 and Y 4 -Y 9 are incoming/outgoing ports in BXC, residual ports belong to WXC.
To describe the specific granularity information of each point in bipartite graph, Boolean array is adopted where 1 stands for correspond granularity is available and 0 otherwise. For example in (0,0,1,1), so the inclusion relationship of three kinds of granularity of three ports is G Y 16 ⊂ G Y 9 ⊂ G Y 3 .
We divide the set of edges {E} into two sub-sets {E V } and {E F }, which stand for the set of variable edges (dashed lines in Fig. 2(a) ) and fixed edges (solid lines in Fig. 2(b) 5 ) and (Y 9 , X 12 ) are fixed edges being in use (Fig. 2(a) ). Note that Fig. 2(b) shows the whole set of fixed edges. What we will do is to develop a configuration algorithm to find the reasonable ports to comprise variable edges (i.e. to set up new cross-connects) by using convenient bipartite graph model to satisfy the sub-request.
Configuration Algorithm
In this section, we present the configuration algorithm for three-stage MG-OXC to process dynamic traffic. Input:
2. Sub-request with different traffic types and bandwidth.
Output:
Smallest set of (X i , Y j ) (i.e. {E V }) in bipartite graph G (X, Y, E) satisfying the sub-request.
The configuration algorithm is briefly presented in Fig. 3 . The basic idea of the algorithm is to find the configuration of cross-connects to satisfy the arriving sub-request. So we have to find some points including some incoming points {X i } and outgoing points {Y j } to construct {E V } by using the information in bipartite graph G (X, Y, E). Moreover, we need to update specific granularity information of some points and {E V } in G (X, Y, E) when the process ends. To guarantee the number of feasible points traced is the fewest, the method of loop-back tracing among FXC, BXC and WXC is forbidden. Furthermore, two main principles should be conformed in the tracing process. Firstly, First-fit point will be chosen to reduce the tracing time, because the weights of the feasible points at the same cross-connects are equal if there are multiple points all satisfying the requiring conditions, namely, First-fit and Random-fit are equivalence relation. In a word, we only care the first possible solution to save tracing time due to the number of feasible points of multiple possible solutions is equal in the case of without loop-back tracing. Note that this principle guarantees high efficiency of the configuration algorithm. And the other principle is the granularity (R G ) of the sub-request must be strictly satisfied. After getting {E V }, we can set up cross-connects directly in three-stage MG-OXC according to these edges.
An example to describe the process of dealing with an arriving sub-request (λ 3 , X 1 , Y 16 ) by using bipartite graph G (X, Y, E) is demonstrated in Fig. 2(a) . Applying the configuration algorithm, optical signal λ 3 will come into X 1 and pass through other incoming and outgoing ports in {X} and {Y}, finally, go out from Y 16 . Assuming that X 1 is an idle port (i.e. X 1 is not an endpoint in {E V }), firstly, we can get internal demultiplexing port Y 3 by the search based While applying DWDM technology, it is difficult to dynamically configure MG-OXC with hundred ports; obviously, bipartite graph with Boolean array helps us to identify port's granularity information that significantly simplifies the configuration procedure.
Simulation and Experiment
In this section, we do simulation and experiment to evaluate the performance of the configuration algorithm.
Simulation and Performance Analysis
We carry out the simulation based on proposed configuration algorithm to process arrival multi-granularity subrequests one by one.
1. We assume that F = 10, W = 100, B = 4 in a multifiber DWDM all-optical network.
2. To ensure that each granularity has the same probability to be requested, we set the percentage of different bandwidths (wavelength, band and fiber) sub-requests to be 100: 25: 1 in multi-granularity systems.
3. Sub-requests arrive following a Poisson distribution with mean λ.
4. Connection duration is assumed to satisfy a negtive exponential distribution with mean 1/µ. 5. We perform 1,000,000 requests at each simulation point.
As the add/drop traffic accounts for 20-40% of the total traffic in the backbone, we consider three ξ values (i.e. ξ = 0.2, ξ = 0.3, ξ = 0.4). Figure 4 depicts the blocking probability vs. the node load, which means the proportion of bolcked sub-requests over all arrival sub-requests. Bandwidth blocking ratio represents the proportion of the bandwidth of blocked sub-requests over the total bandwidth of all arrival sub-requests during the entire simulation period. Because arrival sub-requests have different bandwidths, we also demonstrate bandwidth blocking ratio performance, shown in Fig. 5 . Bandwidth blocking ratio and blocking probability express the blocking performance of a node from different aspects. For a target blocking probability less than 10 −1 , three-stage MG-OXC can sustain load up to 6 Erlang (ξ = 0.3 and ξ = 0.4) and 7 Erlang (ξ = 0.2), while bandwidth blocking ratio is less than 10 −1 , three-stage MG-OXC can handle loads more than 8 Erlang (ξ = 0.4), 9 Erlang (ξ = 0.3) and 10 Erlang (ξ = 0.2). With the decrease of ξ, it achieves better the blocking performane, whatever blocking probability or bandwidth blocking ratio. Figure 6 (a) presents blocking statistics of different traffic types except for fiber-level sub-requests for the node load is 11 Erlang (abbreviate wavelength to W, band to B, total to T), because there are no grooming switch for the largest granularity sub-request, and we must directly set up connection between input port and output port in FXC. The increase of ξ makes little influence on the blocking performance of band-level traffic, whereas which has much influence upon the blocking performance of wavelength-level. When access load is small, wavelength grooming traffic primarily affects blocking performance, while increasing access traffic, the blocking probabiltiy of wavelength-level add/drop significantly enhances. requests (81%). Compared local access traffic (i.e. sum of wavelength/band add and drop traffic) with grooming traffic (i.e. sum of band grooming and wavelength grooming), the blocking performance of the former (34%) is better than the latter (66%) because the fewer cross-connects are need to set up, for instance, it needs to set up 3 cross-connects for an add/drop wavelength traffic while 5 cross-connects for a grooming wavelength traffic in the case of no existing cross-connect to be shared. In all traffic types, wavelength grooming traffic (WGrooming) accounts for the most blocking proportion (51%). Add and drop traffic has the nearly equal blocking performance whatever band-level or wavelength-level due to symmetry.
Experimental Validation
Furthermore, proposed configuration algorithm are validate on the MOST (see [12] for the design, implementation and application of the MOST in detail). The experimental configuration is shown in Fig. 7 .
Since wavelength-level grooming traffic is the most complicated one of all the traffic types, we set up the experiment to validate it. We use two laser sources to provide optical signals, one is fixed wavelength laser source with 1550.92 nm, and the other is a tunable laser source (Anritsu MG9638A) to provide the wavelength of 1551.42 nm. Input ports of a multiplexer (NEC OD-S650 40G2C-PS-W2) composed of an AWG with 40 channels is connected to two laser sources by using channel 27 and channel 28, and the output port directly connects to a 3 dB optical coupler. Then one output port of the coupler is connected to the input port of optical power detector module (OPDM) in a switching board in the MOST, and the other output port is connected to an optical spectrum analyzer (OSA1) (Anritsu MS9710B) to monitor the two incoming optical signals. The switching board mainly consists of a MEMS (OMM 8x8) and an OPDM with 16 channels 95:5 couplers, which is considered as a MG-OXC node in the experiment. One demultiplexer (DEMUX) with 6 channels is used between FXC and BXC; the channel 3 is adopted according to its passband spectral window, within which passband spectral window of channel 27 and 28 of the AWG are contained, shown in Fig. 8 . In the experiment, EDFA is deployed to amplify optical signals. Another AWG acts as demultiplexer between BXC and WXC. The two output ports of FXC are connected with the two input ports of the OPDM, and the two output ports with 95% signal optical power of the couplers connect with the two optical spectrum analyzers (OSA2 and OSA3). The oscilloscope (Tektronix TDX 5104) is used to display the output electrical signals of the OPDM by detecting the output ports with 5% signal optical power.
Proposed configuration algorithm is performed to 
Conclusion
We establish a novel bipartite graph G (X, Y, E) with Boolean array model for three-stage MG-OXC and from the single node point of view, propose a configuration algorithm to find the configuration ports in data plane to satisfy multigranularity sub-requests with different traffic types. The simulation and the experiment on the MOST are carried out to evaluate and validate the performance of configuration algorithm.
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